U.S. Patent Sep. 10, 1991 The Government has rights in this invention pursuant to Contract No. DE-AC04-76DP00789 awarded by the U.S. Department of Energy to AT&T Technologies, Inc.
FIELD OF THE INVENTION 10
This invention relates generally to semiconductor lasers and, in particular, to a Planar-Buried-Heteros tructure, Graded-Index, Separate-Confinement Heterostructure (PBH-GRIN-SCH) laser fabricated by 15
ion-implantation by two dopant species into a semicon ductor material.
BACKGROUND OF THE INVENTION
Planar-buried-heterostructure (PBH) semiconductor 20 diode lasers incorporate a two-dimensional variation of a semiconductor energy bandgap for confinement of electron-hole recombination and formation of an optical waveguide within an area of minimum energy bandgap. In such a device an overall planarity of the diode laser 25 device surface is beneficial as it simplifies processing as well as facilitating an optoelectronic integration of mul tiple devices upon a single wafer. Device planarity has typically been maintained either by regrowth of high bandgap epitaxial material within etched grooves or by 30 the application of diffusion-induced disordering of an as-grown heterostructure.
Reverse biased p-n junctions are typically provided by sequential regrowth of epitaxial material of different doping or by multiple diffusions of different dopants 35 from the surface of the device. All known PBH lasers have employed variations of these techniques to form the required two-dimensional energy bandgap varia tlOn.
By example, in "Long-wavelength Semiconductor 40 Lasers', Van Nostrand Reinhold Co. New York, at pages 193-204 G. P. Agrawal and N. K. Dutta provide a review of several PBH-type lasers, including a double channel planar-buried-heterostructure (DCPBH) laser, fabricated by the epitaxial regrowth of one or more 45 layers. The DCPBH laser is an illustrative example of the complex processing required by these and similar structures. In order to fabricate a DCPBH laser device originally planar epitaxial layers must be chemically etched to form two grooves on either side of the desired 50 laser active region. Subsequently, wide energy bandgap material is regrown inside the grooves with a carefully placed n-type current-blocking layer being included. Growth of the current-blocking layer is critical since the layer must not cover the active-region stripe and 55 thus block current flow to the active layer.
As another example, in a journal article entitled "Low threshold planar buried heterostructure lasers fabricated by impurity-induced disordering", Appl. Phys. Lett. 47 (12) , 12/15/85, pp. 1239-1241 Thornton 60 et al. report a PBH laser featuring high temperature diffusion-induced disordering. A high-temperature Si diffusion from a sample surface is employed to composi tionally disorder a laser active region to form an optical waveguide and a low energy bandgap recombination 65 region. However, this technique has a disadvantage of leaving highly doped material between the disordered active region and the wafer surface. As a result forma 2 tion of desired reversed-biased current-blocking regions is difficult, requiring multiple high-temperature diffu sion steps and resulting in a non-optimal current-block ing configuration.
In U.S. Pat. No. 4,660,208, issued Apr. 21, 1987 , Johnston et al. disclose semi-insulating (SI) Fe-doped InP for use as a current blocking layer in regrown bu ried-heterostructure (BH) lasers. The technique grows or implants a thin Fe-doped SI InP layer and subse quently regrows the actual laser active layer and top p-type cladding inside of a groove and over the SI InP.
The resulting structure forces current to flow around the highly resistive SI material and through the laser active region in order to obtain the high degree of cur rent confinement required for laser structures. An alter native discussed reverses the order of fabrication and grows SI InP within grooves etched in a surface.
However, this structure requires regrowth of semi conductor material over non-planar structures. Other disadvantages relate to the difficulty, expense and low yield of semiconductor regrowth processes. Further more, the interface between the first growth and the second growth typically has a high concentration of defects. These defects cause non-radiative recombina tion of electrons and holes if the p-n junction is allowed to contact the interface.
In U.S. Pat. NO. 4,433,417, Feb. 21, 1984 by thickness variations and bends in the active laser medium created by growth over non-planar substrates. None of the structures disclosed employ the highly efficient BH concept for simultaneous current and radi ation confinement. The only structure disclosed in this patent having current confinement more sophisticated than a simple proton implant is illustrated in FIG. 4 and discussed at Col. 8, line 61 to Col. 9, line 42. Here the laser is grown over a set of grooves to provide an opti cal waveguide. A top surface of the wafer, except for the very top of a ridge which will become the laser, is converted to p-type material prior to regrowth. This method is similar to that disclosed above in U.S. Pat. No. 4, 660, 208 and suffers from similar drawbacks of complicated regrowth technology and low quality re grown interfaces. Furthermore, this technique results in the creation of a non-planar surface after regrowth. In U.S. Pat. No. Re. 31,806, Jan. 15, 1985, Scrifres, et al. discuss various means for controlling the optical modes of multi-stripe laser arrays for high power applications. There is disclosed implantation or diffusion above an active layer of the device as a means to control the refractive index profile across the device by modulating the injected current density. However, Zn-diffused or implanted regions are intended only to provide the lateral index shift required for coupled-stripe laser oper ation. An n-type cap layer is said to be employed to confine current injection to the Zn-diffused or im planted stripes in order to enhance the refractive index shift. However, none of the structures disclosed em ploys implantation or diffusion into the active layer as a means to fabricate a BH type laser.
It is thus an object of the invention to provide for the implantation into a prepared substrate to fabricate a BH type laser.
5,048,038 3 It is a further object of the invention to provide a single semiconductor growth step and subsequent fabri cation of a BH laser by implantation of ions into, and eventual disordering of, a laser active layer outside of a desired laser stripe.
It is a still further object of the invention to provide a single semiconductor growth step and subsequent fabri cation of a PBH laser by the implantation of two differ ent doping species into a heterostructure to create rev ersed-biased current-blocking junctions within a plane of a laser active layer.
SUMMARY OF THE INVENTION
The foregoing problems are overcome and the ob jects of the invention are realized by a method of fabri cating a buried heterojunction planar laser diode and a diode so fabricated. The method includes the steps of providing a Group III-V heterostructure including a multi-quantum well active layer vertically confined between a p-type cladding layer and an n-type cladding layer and impurity disordering the heterostructure to delineate an active laser stripe. In accordance with the invention, the step of impurity disordering the heteros tructure includes the steps of implanting a first chemical species into the heterostructure to create a first impurity doped and compensated within the active layer and at least a portion of one of the cladding layers, implanting a second chemical species into the heterostructure to create a second impurity doped and compensated re gion within the active layer and at least a portion of the other one of the cladding layers and activating the first and the second chemical species. The step of activating is accomplished by a rapid thermal anneal. 4. drawn to scale. An active region 12 is contained be tween a p-type upper cladding layer 14 and an n-type lower cladding layer 16. The active region 12 may be a single quantum well region or a multi-quantum well region. A contact layer 18 is provided over cladding layer 14. The lower cladding layer 16 is formed upon an n-type substrate 20. An upper surface and a lower sur face of the laser 10 are each provided with an ohmic contact in the form of an upper contact layer 22 and a lower contact layer 24, respectively.
In this structure, a two-dimensional energy bandgap variation is created by the compositional disordering phenomenon. Compositional disordering is achieved, in accordance with the invention, by ion implantation of dopant species into regions not desired for use as an active laser region. Specifically a p-type dopant is im planted to form the compensated regions 26 while an n-type dopant is implanted to form the compensated regions 28. Regions 26 and 28 surround the laser stripe or active region. 12 on both sides thereof. Furthermore, the capability of ion implantation to accurately tailor a doping profile within a device provides for the forma tion of reverse-biased p-n junctions 30 outside of the desired laser active region. Reverse-biased junctions 30 are formed by the implantation of the p-type dopant into the n-type material of the lower cladding layer 16 and by the implantation of the n-type dopant into p-type. material of the upper cladding layer 14. These reverse biased current-blocking junctions placed on both sides of the active region by ion implantation force the in jected current through the active region whose bound aries are defined by the implant. Impurity induced dis ordering does smear the active region quantum well into the upper and lower cladding layers outside the desired active area, but this effect, in and of itself, does not provide significant confinement of injected current into the desired active region.
Subsequent to the ion implantation step the dopants are activated by a rapid thermal anneal, thereby com pleting the compositional disordering process responsi ble for formation of the optical waveguide and two dimensionally confined low energy bandgap electron hole pair recombination region. The resulting laser 10 thus is characterized by relatively large energy bandgap cladding layers 14 and 16 that vertically confine the narrow bandgap active region 12 and by the adjacent implantation-doped and compensated regions 26 and 28 to create reverse biased current-blocking junctions that laterally confine the active region 12.
This structure has several advantages over the tradi tional techniques for fabrication of PBH lasers. Firstly, ion implantation is a well characterized technology that does not significantly affect the device surface morphol ogy or planarity. Thus, subsequent process steps are performed on the as-grown planar wafer surface. Se condly, ion implantation is a low temperature process compatible with conventional metal or photoresist im plant mask materials and is widely used for the fabrica tion of active electronic elements such as transistors, integrated circuits and photodetectors. This low tem perature processing does not preclude optoelectronic integration of the PBH laser 10 with active electronic elements which are unable to withstand the high tem peratures required for epitaxial regrowth or diffusion .
processes. The ion implanted laser 10 also does not preclude the development of self-aligned process se quences having only one or two masking steps. In con tradistinction, the use of high-temperature diffusion or 5,048,038 5 epitaxial growth frequently involves up to a dozen dif. ferent mask levels. As a result, use of the less complex ion-implantation process of the invention provides sig nificant improvements in manufacturability, yield, and reduced cost per laser device. 5 A specific embodiment of the invention is illustrated in FIG. 2 ple, Si and Be at fluencies common for compositional 45 disordering, to form a buried heterostructure wave guide, and to create current blocking junctions upon activation of the implants. The nature of the ion-implan tation process employed, i.e., low ion dose followed by a short thermal anneal provides disordering of or smear-50 ing of the active/cladding layer interface in the im planted regions, but does not completely merge the active quantum well into the upper and lower cladding layers.
By example, FIGS. 4A-4C illustrate that the laser 55 diode 40 may be fabricated by growing the heterostruc ture 70 by molecular beam epitaxy, providing a mask 72 upon the heterostructure 70 to protect the intended 10 micron wide waveguide region, implanting the masked heterostructure with, for example, Be and with Si 60 (550KeV and 900KeV, respectively, 1.5x 1015cm2), and rapidly thermally annealing the implanted structure (880 C. for three seconds under Ar). A Be/Au ohmic contact 42 is applied over a window in the oxide cap layer 46, the wafer is thinned, and Ge/Au/Ni/Au met-65 alization applied to the n-side to form the ohmic contact 44. After alloying, the wafer is cleaved into bars and the individual devices tested. The mask may be comprised 6 of any suitable material such as photoresist or a dual layer SiO2/Au mask. Preferably both implants occur during one vacuum cycle with the implant peaks being predetermined to reside above and below the plane of the active region. Either the n-type or the p-type dopant can be implanted first, with both species being im planted through the same surface of the device.
Test results of the device of FIG. 2 and FIG. 4 Kink-free operation, consistent with index-guiding of the laser, is observed up to the maximum tested power output of 40 mW. As a comparison, gain-guided proton stripe lasers were fabricated from the same wafer used for the all-implanted PBH-GRIN-SCH devices. These control laser had a 5 micron wide current injection region, formed by 60 keV, 1X 1015cm-2 proton implan tation into the upper-cladding region outside the in tended laser stripe. The slope efficiencies of the proton stripe lasers were only 0.31 W/A, with kinking of the light Vs current curves about 25 mA, as compared to 0.61 W/A and kink-free operation for the PBH-GRIN SCH laser of the invention. Furthermore, the PBH GRIN-SCH laser exhibits a typical threshold current density of 3.9 kA/cm2 while the threshold current den sity of the proton-stripe devices is much higher at 5.4 kA/cm2. The relatively high current densities of both devices indicates that material or process problems not related to the ion-implantation and annealing, such as poor ohmic contacts, may exist as is determined from subsequent PBH-GRINSCH lasers. These improved devices were fabricated with improved doping and quantum well thickness control during the material growth yielding a threshold current density of 793 A/cm2, a slope efficiency of 0.60 A/W, and kink-free operation to the maximum tested output power of 70 mW while operated continuously and attached to a copper heat sink.
Demonstration of kink-free operation, increased effi ciency, and reduced threshold current density of the PBH-GRIN-SCH laser device of the invention shows that ion-implantation and rapid thermal annealing pro vide an index-guided device due to the stable lasing operation of the PBH-GRIN-SCH laser device, despite the device having an active stripe twice as wide as the gain-guided proton-stripe control laser.
The laser of the invention has also been fabricated in InGaAs/(Ga,Al)As quantum-well heterostructures, demonstrating that this method is in no way limited to the material system described above, and can be applied to any quantum-well heterostructure system that can be doped by ion bombardment and annealing. Further more, a number of suitable implant species can be em ployed including but not limited to Selenium, Tellurium and Sulphur as n-type dopants and Zinc and Germa nium a p-type dopants. Also, the specific nature of the compositional grading of the material. within the clad ding layers is not critical to the operation of the device and may be, by example, linear, parabolic or stepped. Thus, while the invention has been particularly shown and described with respect to a specific embodi ment thereof, it will be understood by those skilled in the art that changes in form and details may be made therein without departing from the scope and spirit of the invention. (c) means for constraining current to flow through said active region, said means further comprising a first cladding layer of a first type of electrical con ductivity and having a first impurity compensated region laterally adjacent to said active region, said first cladding layer disposed beneath said active region, and a second cladding layer of a second type of electrical conductivity and having a second impurity compensated region laterally adjacent to, said second cladding layer disposed above said active region.
9. A laser device as set forth in claim 8 wherein said first cladding layer is n-type and said first impurity compensated region is p-type and wherein said second cladding layer is p-type and said second impurity com pensated region is n-type. 
